Ethidium monoazide and propidium monoazide (EMA and PMA) have been used in combination with PCR for more than a decade to facilitate the discrimination of live and dead bacteria (LD discrimination). These methods, however, require many laborious procedures, including the use of a darkroom. Here, we demonstrate an innovative use of palladium compounds involving lower limits of detection and quantification of targeted live cells, fewer laborious procedures, lower costs, and potentially higherthroughput analysis than the use of EMA and PMA. We have also recently reported platinum compounds for LD discrimination, but platinum compounds carry costs that are 3 times higher because of the requirement for much larger amounts for LD discrimination than palladium compounds. Palladium compounds can penetrate dead (compromised) but not live bacteria and can be chelated primarily by chromosomal DNA and cell wall transmembrane proteins, with small amounts of DNA-binding proteins in vivo. The new mechanism for palladium compounds is obviously different from that of platinum compounds, which primarily target DNA. Combining palladium compounds with PCR (Pd-PCR) in water resulted in discrimination between live and dead Enterobacteriaceae bacteria that was much clearer than that seen with the PMA method. Pd-PCR correlated with reference plating or with the currently used PMA-PCR method for pasteurized milk, based on EN ISO 16140:2003 validation. Pd-PCR enabled us to specifically detect and assay viable Enterobacteriaceae cells at concentrations of 5 to 10 CFU/ml in milk while following U.S./EU regulations after a 4.5-h process in a typical laboratory exposed to natural or electric light, as specified by U.S./EU regulations.
T
he PCR is a widely available tool that is used to detect bacteria and viruses in food and in environmental and clinical samples. However, PCR cannot distinguish live from dead bacteria. During reverse transcription-PCR targeting mRNA, a high concentration of contaminating dead bacteria (4 log 10 to 7 log 10 cells/ml) will trigger a false-positive result owing to the presence of residual mRNA (1, 2) . Although DNA can be deactivated in vitro by crosslinking psoralen/psoralen derivatives following elaborate exposure to UV A (3), the selective penetration of dead bacteria is an important issue.
DNA cross-linking agents, specifically, ethidium monoazide and propidium monoazide (EMA and PMA, respectively), have been used for more than a decade to address the inability of conventional PCR to distinguish live bacteria from dead bacteria (4) (5) (6) . EMA and PMA molecules generally permeate only dead bacteria (compromised cells) after a brief exposure time, and these agents specifically intercalate into dead bacterial DNA, followed by cross-linking and direct DNA cleavage upon exposure to visible light (7) . Live or dead bacterial suspensions must be kept on ice to prevent EMA and PMA molecules from permeating live cells whose cell walls and inner membranes have become physically injured by the gradually increasing temperature present during irradiation with a strong halogen lamp. Performing a series of EMA and PMA experimental measures is very demanding in terms of more-rapid food, environmental, and clinical tests (4) (5) (6) (7) . EMA and PMA solutions must be prepared in a darkroom owing to their high reactivity to visible light, which leads to laborious testing and significant disturbance for higher-throughput analysis. Additionally, EMA and PMA reagents are expensive for analytical testing, as demonstrated by the costs of PMA (267 dollars/ mg) and EMA (52 dollars/mg) compared with the costs of the reagents used in the present study: dichloro(-cycloocta-1,5,-diene)palladium(II) (0.11 dollars/mg), bis(benzonitrile)dichloro-palladium(II) (0.08 dollars/mg), diamminedichloropalladium(II) (0.25 dollars/mg), and palladium(II)acetate (0.05 dollars/mg). The average reagent cost for these 4 palladium (Pd) compounds is 0.12 dollars/mg, which corresponds to approximately 30% of the average cost of the 5 previously reported platinum (Pt) compounds used to distinguish live from dead bacteria (8) . In view of economic factors, Pd compounds are more convenient for use than Pt compounds.
We present an innovative use of Pd compounds that facilitates clearer discrimination between live and dead bacteria (here referred to as LD discrimination) without the need for special laboratory equipment or darkrooms, which are typically required for PMA and EMA methods. We demonstrate that the use of Pd compounds also contributes to less-laborious test procedures, lower costs, and potentially higher-throughput procedures than the PMA or EMA methods for LD discrimination. These advantages are primarily because Pd compounds can simply be added to live and dead bacterial suspensions in typical laboratories that are equipped with natural and/or electric lights, similarly to Pt compounds (8) .
Furthermore, for possible practical use, we propose that Pd compounds could be superior to PMA (currently used in DNA elongation technology) in terms of improved accuracy, sensitivity, and specificity relative to the reference plating method (ISO, 2003) , specifically when examining relative detection levels and linearity and detection and quantification limits (limits of detection [LOD] and limits of quantification [LOQ] ) for live Escherichia coli cells in pasteurized milk, which can be contaminated with many PCR inhibitors and palladium inhibitors (9) (10) (11) .
Concerning the reaction mechanism for Pd compounds, we were originally interested in palladium and other platinum group metals that could be chelated in mammalian cells by ligands such as cysteine or methionine amino acid residues and metallothionein as well as DNA bases (12) (13) (14) (15) (16) (17) . We were also very interested in the interaction between palladium compounds and bovine serum albumin (BSA) in view of the effects of Pd compounds on proteins and enzymes (18) . Thus, we evaluated whether treatment with Pd compounds followed by PCR could improve LD discrimination, and then we elucidated the reaction mechanism of Pd compounds for LD discrimination.
MATERIALS AND METHODS
Bacterial strains, growth conditions, and preparation of inocula. Two bacterial strains (Cronobacter sakazakii ATCC 29554 and E. coli JCM1649) were incubated in brain heart infusion (BHI) broth (Eiken Chemical Co., Ltd., Tokyo, Japan) at 37°C for 16 h prior to use. To obtain live cell suspensions, single-strain cultures were centrifuged at 3,000 ϫ g for 10 min at 4°C. After removal of the supernatant, the same volume of sterile distilled water (SW) was added. Viable cell counts were obtained by plating 0.1 ml of an appropriate dilution on standard plate count agar (SPC; Kanto Chemical Co., Inc., Tokyo, Japan). Unless otherwise specified, the centrifugation was typically performed at 3,000 ϫ g for 5 min at 4°C.
Heat-killed bacterial suspensions were prepared as follows: the pellet obtained from a 1-ml BHI culture was resuspended in 1 ml of SW and boiled in a water bath for 3 min, immediately cooled, and then coplated on SPC (Kanto Chemical) to verify the presence or absence of colonies. The live cells and heat-killed suspensions were serially diluted in SW for the LD discrimination assay. Independently, E. coli was added into pasteurized milk to evaluate viable cell counts using violet red bile agar (VRBA; Becton Dickinson, Sparks, MD, USA), as discussed later in this text.
Preparation and exposure method for Pd or Pt compounds. Dichloro(ŋ-cycloocta-1,5-diene)palladium(II) and bis(benzonitrile)dichloropalladium(II) (Sigma, St. Louis, MO, USA) were diluted to 50 mM with dimethyl sulfoxide (DMSO) and stored at Ϫ20°C until use. Diamminedichloropalladium(II) and palladium(II)acetate (Sigma) were dissolved to 10 mM concentrations in DMSO followed by storage at Ϫ20°C until use. The frozen Pd compound solutions were thawed and diluted to appropriate levels with physiological saline solution. The Pd compound solutions (10 l) were added to the lids of microtubes filled with bacterial suspensions (90 l), with the exception that a 970-l bacterial suspension was used for milk samples. This procedure was performed in a typical laboratory room, regardless of exposure to natural and/or electric visible light. Then, bacterial suspensions were incubated at 37°C for 30 min in a water bath.
For comparison of the reaction mechanisms of Pd and Pt compounds, which are mentioned below, tetrakis(triphenylphosphine)platinum(0) (Sigma) solution was prepared following the protocol of a previous paper (8) .
To directly evaluate the degree of inhibition of real-time quantitative PCR (qPCR) by Pd compounds in vitro, the aforementioned Pd compounds, appropriately diluted, were added to a purified C. sakazakii DNA solution with SW (90 l; 45 ng) at a 10-fold dilution. The exposure times and temperatures used in the subsequent experiments mimicked these conditions. Following the addition of 3 M sodium acetate solution (10 l) and cooled ethanol (250 l), purified DNA was dissolved in 20 l of SW. All isolated DNA solutions were adjusted to the lowest concentration among them, and a 5-l aliquot was used for qPCR, as described in a later section.
Preparation and exposure method for a PMA agent in current use. As a control compound for LD discrimination, 20 mM PMA (Biotium Inc., Hayward, CA, USA) was diluted in SW in the dark to concentrations of 100, 1,000, 2,500, 5,000, and 10,000 M. The diluted PMA solutions (10 l) were added to E. coli or C. sakazakii suspensions (generally, 90 l was used, with the exception that a 970-l suspension was used for milk samples) under a safelight. The bacterial suspensions were uniformly mixed, and the tubes were kept at 5°C for 10 min (typical treatment conditions) under a safelight, followed by visible-light irradiation (5 min) (19, 20) .
Bacterial inoculation into pasteurized milk. As described above, the pellet obtained from a centrifuged live or heat-killed E. coli suspension was resuspended and serially diluted (under the detection limit for live total bacteria and Enterobacteriaceae cells by plating methods) in commercial pasteurized milk purchased from a local grocery store (here referred to simply as milk).
Milk pretreatment (12-ml milk scale) followed by direct-qPCR. To obtain the lowest possible detection level of live targeted Enterobacteriaceae cells in milk, 12 ml of milk inoculated with live or dead E. coli cells with or without a 2.5-h enrichment (short-time enrichment) was centrifuged, followed by removal of the supernatant. Ten milliliters of phosphate-buffered saline (PBS) supplemented with 30 l of savinase (protease from Bacillus sp.; Sigma) (Ն16 U/g) was added to the obtained pellet to decompose the milk proteins, such as micellar casein. Then, the suspension was shaken using an RM-2M Intelli-Mixer (ELMI Ltd., Riga, Latvia) at 37°C for 10 min. The supernatant was removed by centrifugation. In total, 980 l of SW was added, followed by the addition of 1,250 M or 2,500 M dichloro(ŋ-cycloocta-1,5-diene)palladium(II) [referred to here as Cl 2 (ŋ-cycloocta-1,5-diene)Pd] (20 l).
For the control PMA treatment, 970 l of SW was added to the aforementioned milk pellets, followed by the addition of a 5,000 or 10,000 M PMA solution (30 l) . A total of 30 l of SW was added to the sample (970 l) without any added Pd compound or PMA solution. After exposure to the Pd compound or PMA solution, 10 ml of PBS was added to the samples, which were then centrifuged, and the supernatant was removed. The pellet was quantitatively transferred to a new PCR tube with 100 l of SW, followed by centrifugation. After washing was performed once with 100 l of SW, the pellet (corresponding to 5 l of qPCR template) was added to 20 l of direct-qPCR master mix (described later). Noninoculated milk or commercial anonymized milk samples (12 ml) were subjected to the same treatment procedure.
Differential DNA extraction procedures for dead E. coli cells following exposure to Pd or Pt compounds for the elucidation of reaction mechanisms. First, to prepare heat-killed E. coli cells with cell wall transmembrane proteins (CW_TMP) or without the proteins, a live E. coli suspension (1.8 ϫ 10 9 CFU/ml) was boiled for 3 min in SW or 1% Brij58 (Sigma) solution followed by immediate chilling. After centrifugation, supernatants were removed and pellets added with 1 ml of SW. Then, 10 l of 50 mM Cl 2 (ŋ-cycloocta-1,5-diene)Pd solution, 125 l of 4 mM tetrakis(triphenylphosphine)platinum(0), or no reagent was added to the aforementioned 1 ml of dead bacterial suspension with or without CW_TMP; the solutions were then left at 37°C for 1 h. The solutions were centrifuged, the supernatants were removed, pellets were washed with SW (1 ml), and DNA extraction methods (described later in the text) were performed on the pellets to elucidate the reaction mechanisms for Pd compounds compared with Pt compounds.
A lysis method involving glass beads followed by typical incubation with sodium lauryl sulfate (SDS)-supplemented protease and peptidase (SAV/PPR/SDS), phenol-chloroform/isoamyl alcohol (P/C/I) extraction, and ethanol precipitation was performed as follows. Glass beads (300 mg; diameter of 1 mm) were added to break bacterial cells and were subjected to vigorous vortex mixing for 2 min. Next, 500 l of 10 mM Tris-HCl (pH 8.0) was added and the reaction mixture was gently shaken. Twenty microliters of savinase (Ն16 U/g), 20 l of 4% peptidase R (Amano Enzyme Inc., Nagoya, Japan), and 5 l of 10% SDS solution were added to digest various proteins, including CW_TMP and DNA-binding proteins (DBP), and the samples were incubated at 50°C for 14 h in a Brock incubator. Thereafter, typical P/C/I extraction was performed followed by ethanol precipitation (21) . Finally, a 5-l aliquot was taken from 20 l of the obtained DNA solution and was used for real-time PCR (qPCR). Regarding SDS treatment followed by P/C/I extraction and ethanol precipitation, the same procedure was performed except that savinase and peptidase treatments were excluded from the aforementioned DNA extraction procedure.
Independently, to obtain a highly purified DNA solution from C. sakazakii that was not modified with any Pd compounds, bacterial DNA from a 1-ml culture was purified using a commercial DNA purification kit (QuickGene SP kit DNA tissue SP-DT; Fujifilm Corp., Tokyo, Japan) to directly evaluate PCR inhibition by three types of Pd compounds in vitro.
Detailed evaluation of the reaction mechanism of a Pd compound compared with a typical fixation agent. To elucidate the detailed reaction mechanism of a Pd compound, pellets obtained from 1 ml of E. coli boiled in SW (2.8 ϫ 10 9 cells/ml) with CW_TMP were exposed to 1,000 M Cl 2 (ŋ-cycloocta-1,5-diene)Pd at 37°C for 1 h or the commercial fixation agent Mildform 10NM (Wako, Osaka, Japan), whose main component is HCHO, together with methanol at 4°C overnight. After centrifugation followed by one wash performed with SW, 300 mg of glass beads was added and subjected to vigorous vortex mixing for 2 min. Next, 500 l of 10 mM Tris-HCl (pH 8.0) was added, the reaction mixture was gently shaken, and centrifugation was performed to obtain the pellet and supernatant to elucidate the reaction mechanism of the Pd compound. Five hundred microliters of 10 mM Tris-HCl (pH 8.0) was added to the obtained pellet. Then, as mentioned above, the same three DNA extraction procedures were carried out on the pellet and supernatant obtained by centrifugation.
Direct-qPCR without the need for DNA extraction from bacteria (live and dead cells) and with or without Pd compounds for comparison with the currently used PMA method. As described above, some bacteria (live and dead cells) treated with Pd compounds (or with none) followed by centrifugation underwent three types of DNA extraction, while other samples were directly subjected to qPCR without laborious DNA extraction (direct-qPCR) for comparison with the typical PMA treatment for routine use. Direct-qPCR master mix was used to facilitate PCR elongation following direct addition to bacterial cells (22) (23) (24) . Specifically, the direct-qPCR master mix consisted of the following: 0.5 l of Taq DNA polymerase (with standard Taq buffer [5 U/l]; New England BioLabs, Japan, Inc., Tokyo, Japan); 2.5 l of 10ϫ standard Taq reaction buffer (New England BioLabs); 2.0 l of a 2 mM deoxynucleoside triphosphate (dNTP) mixture (TaKaRa-Bio, Ohtsu, Japan); 0.75 l of 10 M forward primer (5=-GTTGTAAAGCACTTTCAGTGGTGAGGAAGG-3=) and 10 M reverse primer (5=-GCCTCAAGGGCACAACCTCCAAG-3=); 5 l of 2ϫ SYBR green (Invitrogen, CA, USA) (10,000ϫ stock); 2.5 l of mixed reagent solution stored at Ϫ20°C before use (8.3% Brij 58 from Sigma; 1.9% bovine serum albumin from Sigma; 10 mM trisodium citrate dehydrate from Kanto-Kagaku, Tokyo, Japan; 30 mM MgCl 2 from NakalaiTesque, Kyoto, Japan; 100 g/ml lysozyme from egg white purchased from Wako Pure Chemicals Industries, Ltd., Osaka, Japan); 5 l of PCR template (bacterial cells or isolated DNA); and 6.75 l of SW. The forward and reverse primers, which target a specific region of the 16S rRNA gene in Enterobacteriaceae cells, produced an amplicon of 424 bp (25) . The qPCR (including direct-qPCR) thermal cycle profile was 1 cycle of 95°C for 20 s; 50 cycles of 95°C for 5 s and 60°C for 45 s; and 1 cycle of 95°C for 3 min. Incidentally, the threshold cycle (C T ) value in direct-qPCR presents the first PCR cycle at which the fluorescence value stemming from directqPCR amplification is above the threshold, and consequently, the C T value decreases in reverse proportion to the increasing number of bacterial cells in the qPCR tube. To measure the melting point of the obtained amplicon, the PCR tube was cooled to 65°C and the temperature was increased at a rate of 0.1°C/10 s to a final temperature of 95°C. The fluorescence-temperature curve was recorded.
RESULTS
Distinguishing between live and dead bacteria using Pd-directqPCR compared with the currently used PMA-direct-qPCR method. The chemical structures of the Pd compounds used in this study are presented in Fig. 1A . Four types of Pd compounds were found to clearly distinguish live from dead bacteria (C. sakazakii and E. coli) in water by direct real-time PCR without DNA isolation (direct-qPCR) (Table 1) , thus completely eliminating the need for laborious DNA purification in routine use.
At a concentration of each Pd compound that completely suppressed PCR of dead bacteria, the delta threshold cycle (⌬C T ) value, i.e., the C T value of the Pd compound-treated live cells minus the C T value of the untreated live cells, was found to be 0.3 to 2.1. In contrast, for the typical PMA agent, the corresponding ⌬C T values for live cells were 7.5 to 7.6 (Table 2) . Thus, the four Pd compounds were superior to the currently used PMA agent for clear LD discrimination in water (Table 1 and Table 2) .
Evaluation of the degree of inhibition of qPCR in vitro by Pd compounds. The inhibition of qPCR with purified C. sakazakii DNA following exposure to three types of Pd compounds in vitro is presented in Fig. 1B . These 3 Pd compounds completely inhibited qPCR at a concentration of 25 M, implying that Pd compounds could be chelated with bases of C. sakazakii DNA in vitro.
Specific detection of live E. coli in milk by Pd-direct-qPCR using a large (12-ml) milk volume. Among the Pd compounds evaluated for use in a specific assay with live E. coli in milk, Cl 2 (ŋ-cycloocta-1,5-diene)Pd was most effective for this application. Figure 2A presents the results of LD discrimination of E. coli in a large-scale (12-ml) milk sample, performed in duplicate, which potentially could result in a much lower detection level than that determined using a 1-ml milk sample when Cl 2 (ŋ-cycloocta-1,5-diene)Pd treatments were followed by qPCR without DNA extraction (direct-qPCR). As a control, typical PMA solutions were also used in duplicate to discriminate between live and dead E. coli in 12 ml of milk ( First, C T values of 31.2 Ϯ 0.63 were obtained for noninoculated, untreated milk ( Fig. 2A) . A 50 M Cl 2 (ŋ-cycloocta-1,5-diene)Pd treatment, but not a 25 M treatment, completely inhibited PCR amplification from both noninoculated milk and milk that was heavily spiked with dead E. coli (1.1 ϫ 10 5 and 1.1 ϫ 10 6 cells/ml); these milk samples were estimated to be potentially contaminated at the maximum level ( Fig. 2A) . With the application of Cl 2 (ŋ-cycloocta-1,5-diene)Pd treatment (50 M) in direct-qPCR, the C T values of the live E. coli cells decreased in inverse proportion to the increased levels of live E. coli exogenously added to the milk. The linearity of the assay for the 50 M Pdtreated live E. coli cells was obtained over a range of 1.1 ϫ 10 3 to 1.1 ϫ 10 6 CFU/ml ( Fig. 2A) . The qPCR results for PMA treatment without DNA isolation (direct-qPCR): large-volume (12-ml) milk samples were subjected to 150 or 300 M PMA. (C) Pd-direct-qPCR and PMA-direct-qPCR using milk with artificially inoculated live E. coli and noninoculated 12-ml milk samples. Both methods were performed with 6 replicates for 8 different inoculations and for noninoculated milk (milk blank). (D) Linearity and variance for Pd-direct-qPCR and PMA-direct-qPCR using 12-ml milk samples with artificially inoculated live E. coli. Six C T value replicates for the currently used and alternative methods were plotted for four different levels of live E. coli (lower and higher levels).
For the currently used PMA treatment, the same positive results were obtained for noninoculated, untreated milk (Fig. 2B) . A 300 M PMA treatment, but not a 150 M treatment, completely suppressed PCR amplification from noninoculated milk and milk heavily spiked with dead E. coli (1.1 ϫ 10 5 and 1.1 ϫ 10 6 cells/ml). For PMA treatment (300 M) followed by direct-qPCR (PMAdirect-qPCR), the C T values of the newly spiked live E. coli cells decreased in inverse proportion to the cell number of live E. coli. The linearity of the assay for live E. coli was obtained over a range of 1.1 ϫ 10 3 to 1.1 ϫ 10 6 CFU/ml (Fig. 2B ). Regarding the relative detection levels following EN ISO 16140:2003 validation in both Pd-direct-qPCR and PMA-direct-qPCR at a concentration of 2.54 log 10 CFU/ml of live E. coli, the former gave 5 positive results for 6 replicates, but the latter gave 3 positive results for 6 replicates (Fig.  2C ). The C T values of the Pd-treated or PMA-treated live E. coli cells decreased in inverse proportion to the cell number of spiked live E. coli (Fig. 2C) . The relative detection level(s) with live E. coli in milk following EN ISO 16140:2003 validation was calculated in a range between 2.5 and 3.2 log 10 CFU/ml (Pd-direct-qPCR and PMA-direct-qPCR) (Fig. 2C) . In both Pd-direct-qPCR and PMAdirect-qPCR, analysis of variance (ANOVA) using a one-way layout (a factor of the live E. coli level) was performed on 6 replicates of data in a range between 3.15 and 6.15 log 10 CFU/ml (lower and higher levels) to estimate the variance (square of standard deviation) of unspiked milk data (Fig. 2D) . Then, the limits of detection and limits of quantification (LOD and LOQ) were calculated following EN ISO 16140:2003 validation and are also presented in Fig. 2D . As presented in Fig. 2D , a correlation coefficient (R 2 ) value of 0.953 and a slope value of Ϫ3.445 for the regression line for Pd-direct-qPCR were obtained compared with R 2 ϭ 0.937 and a slope of Ϫ4.271 for the regression line for the currently used PMA-direct-qPCR. The LOD and LOQ of live E. coli in milk were estimated by Pd-direct-qPCR to be 0.76 and 2.3 log 10 CFU/ml, respectively, and the associated detection and quantification limits for PMA-direct-qPCR were estimated to be 0.97 and 2.9 log 10 CFU/ml, respectively; thus, Pd-direct-qPCR was superior to PMA-direct-qPCR regarding the LOD and LOQ (Fig. 2D) .
Results of analysis of the correlation between Pd-directqPCR and the reference plating/PMA-direct-qPCR method.
Owing to the difficulty in obtaining domestic pasteurized milk contaminated with live Enterobacteriaceae cells, direct-qPCR following Cl 2 (ŋ-cycloocta-1,5-diene)Pd (50 M) treatment (Pd-direct-qPCR), direct-qPCR without Pd or PMA compound treatments, direct-qPCR following PMA (300 M) treatment (PMA-direct-qPCR), and the typical plating method (VRBA) were performed using 20 anonymized pasteurized milk samples (estimated dead bacterium levels of less than 3 log 10 cells/ml, i.e., 2 log 10 cells/ml, as shown in Fig. 2A and B ) and a total of 80 milk samples artificially contaminated with live or dead E. coli cells without enrichment. The accuracy, sensitivity, and specificity of Pd-direct-qPCR or PMA-direct-qPCR relative to the reference plating method following EN ISO 16140:2003 validation were determined (Table 3) . Similarly, the experimental procedures were performed using 80 corresponding milk samples subjected to 2.5-h enrichment to specifically increase the levels of low doses of spiked live E. coli cells (Table 3) ; the results of the comparisons of all tested methods are summarized in Table 3 and Table 4 (Fig. 3) . In contrast, when the methods were applied to 36 live-E. coliinoculated, 2.5-h-enrichment milk samples, the results obtained with both Pd-and PMA-direct-qPCR were positive (Fig. 3) . The Pd-direct-qPCR method correlated well with the reference plating method (VRBA) in all 2.5-h-enrichment milk samples (Fig. 3) . Additionally, the Pd-direct-qPCR results correlated well with the PMA-direct-qPCR results in all 2.5-h-enrichment milk samples (Fig. 3) .
Effects of Pd compound treatment with or without cell wall transmembrane proteins of heat-killed E. coli. Table 5 shows the influence of the Pd compound Cl 2 (ŋ-cycloocta-1,5-diene)Pd on heat-killed E. coli cells with or without CW_TMP compared with the Pt compound tetrakis(triphenylphosphine)platinum(0) and no exposure to Pd and Pt compounds. When DNA extraction using SAV/PPR/SDS plus P/C/I was performed on glass beadlysed dead E. coli cells with CW_TMP following Pd treatment, the amount of DNA recovered in the upper water layer during P/C/I extraction (127.0 Ϯ 6.36 ng/l) drastically increased by 2 logarithmic orders compared with recovery from 2 other DNA extractions that lacked protease and peptidase digestion (E. coli cells were boiled in SW; Table 5 ). In contrast, as with the cells that were exposed to Pt compound or with no exposure to any agent, the amounts of DNA that transferred in the water layer following SAV/PPR/SDS plus P/C/I (48.4 Ϯ 3.87 ng/l for Pt; 153.1 Ϯ 9.72 ng/l for no treatment) increased by 1 logarithmic order (Pt) or only a little (no treatment [labeled "NT" in Table 5 ]) compared with the 2 other DNA extractions. In relation to the relevant qPCR elongation results for the Pd compound, the C T values determined with SAV/PPR/SDS plus P/C/I (29.3 Ϯ 0.37) were significantly lower than those determined with 2 other DNA extractions that lacked protease and peptidase digestion (38.3 Ϯ 0.55 and no elongation for E. coli boiled in SW) (Table 5 ). However, with respect to the Pt compound, newly added protease and peptidase digestion during the DNA extraction process had little influence on the C T value determined by qPCR, which was not similar to the experimental results determined with the Pd compound. In contrast, examining E. coli that lacked CW_TMP for the Pd compound (E. coli boiled in 1% Brij58; Table 5 ), the increase in the amount of DNA obtained by performing protease and peptidase digestion was limited to 1 logarithmic order compared with the amounts obtained from 2 other DNA extractions lacking savinase and peptidase R digestion. Regarding SAV/PPR/SDS plus PCI for the Pd compound, the influence of protease and peptidase on DNA recovery in the water layer following P/C/I extraction was greater for heat-killed E. coli cells with CW_TMP than for associated cells that lacked CW_TMP, which implied a reaction between the Pd compound and CW_TMP (Table 5) .
DNA recovery from the pellet or supernatant obtained from heat-killed E. coli with cell wall transmembrane proteins exposed to the Pd or fixation agents. Using the results from three different DNA extraction methods, Table 6 presents data representing DNA recovery in the water layer and qPCR elongation for the pellet or supernatant obtained via glass bead decomposition of heat-killed E. coli with CW_TMP that was subjected to exposure to the Pd compound or the fixation agent Mildform 10NM. Regarding the pellets, the DNA amounts (105.7 Ϯ 4.41 and 132.3 Ϯ 6.62 ng/l) recovered by SAV/PPR/SDS plus P/C/I for fixation and the Pd compound, respectively, obviously increased by more than 1 logarithmic order compared with 2 other DNA extractions that lacked savinase and peptidase R digestion, as presented in Table 6 . Additionally, pellet DNA recovery amounts (4.1 Ϯ 0.42 to 12.0 Ϯ 0.51 ng/l) due to SDS plus P/C/I or P/C/I alone following fixation or Pd compound exposure were significantly lower by 1 or 2 logs than the recovery levels (108.5 Ϯ 3.47 and 188.1 Ϯ 11.13 ng/l) seen following no exposure (no treatment [NT] data in Table 6 ). A series of experimental results implied that the Pd compound molecules could exert an influence on some proteins (CW_TMP) that were recovered in the pellet, similarly to the reaction mechanism of the fixation agent (HCHO), which involves covalent bonding. Regarding the C T value of qPCR elongation for the pellet, the addition of protease and peptidase during DNA extraction following exposure to the fixation agent or the Pd compound facilitated qPCR elongation as evident from the C T values of 31.1 Ϯ 0.41 and 27.3 Ϯ 0.38 in Table 6 , compared with the C T values from two other DNA extractions that lacked savinase and peptidase R digestion.
With regard to the supernatants, the addition of savinase and peptidase R during DNA extraction following exposure to the fixation agent or Pd compound promoted a small increase in DNA recovery in the water layer after P/C/I extraction compared to the recovery from 2 other DNA extractions that lacked protease and peptidase digestion, as presented in Table 6 . Similarly, the addition of savinase and peptidase R during DNA extraction following exposure to the fixation agent or Pd compound led to a small decrease in the C T value compared with the C T values of 2 other DNA extractions (Table 6 ). Additionally, with respect to the supernatant following no exposure to either of the agents, as pre- a Heat-killed E. coli cells were decomposed with glass beads. SAV/PPR/SDS: savinase, peptidase R, and SDS were added. P/C/I: DNA extraction by phenol, chloroform, and isoamyl alcohol. Pd: Cl 2 (ŋ-cycloocta-1,5-diene)Pd(II). ND, no qPCR elongation of the target. b A 10 mM concentration of Tris-HCl was added to decomposed E. coli fragments followed by centrifugation to produce the pellet. In detail, the pellet obtained by the centrifugation was supplied for DNA extraction. c The supernatant obtained by the centrifugation of decomposed E. coli fragments was applied for DNA extraction. sented for NT (no treatment) in Table 6 , DNA recovery and qPCR elongation were independent of the different DNA extraction procedures, and their values were consequently almost the same or were slightly differentiated.
DISCUSSION
As Pd compounds are not sensitive to visible light, unlike platinum compounds (Pt compound) (8), the Pd-direct-qPCR method (the alternative method) does not require any special laboratory equipment or a darkroom, which are required for the PMA method (5, 19) . Pd compounds have the potential to allow significantly less laborious test procedures, lower costs, and possibly higher-throughput experiments than the PMA or EMA methods because the Pd-compound-based method does not require complicated analytical systems, as presented in the relevant sections of Materials and Methods. Furthermore, Pd compounds as well as Pt compounds are next-generation LD discrimination agents. Compared with Pt compounds that have been reported recently (8) , as presented in Table 1 and Table 2 , most Pd compounds allow the same clear LD discrimination as the Pt compounds but at much lower concentrations (8) . Consequently, in view of testing costs, a large number of Pd compounds are superior to Pt compounds. In terms of analytical factors, the four tested Pd compounds showed better LD discrimination of Enterobacteriaceae cells (C. sakazakii and E. coli) in water than the typically used PMA agent (Table 1 and Table 2 ). The small C T value increases for live cells treated with the four Pd compounds (Fig. 1A) indicate that significant penetration of Pd compounds into live cells does not occur, although PCR elongation in dead cells is completely suppressed (Table 1) . In contrast, a significant increase in the C T value for PMA-treated live cells (significant penetration into live cells) is induced (Table 2) . Thus, Pd-direct-qPCR could be substituted for PMA-direct-qPCR as a DNA elongation technology. However, it is crucial for Pd-direct-qPCR to be applicable for practical use across a broad range of testing.
Therefore, pasteurized milk was examined, and a test of Enterobacteriaceae bacteria was performed. Pasteurized milk contains granulocytes, many genera of dead bacteria, lipids, proteins, and sugars; in brief, pasteurized milk contains a number of PCR inhibitors (26) . Milk proteins, enzymes, and nucleic acids inside or outside cow cells are also likely to disturb the function of Pd compounds (12) (13) (14) (15) (16) (17) (18) .
Enterobacteriaceae bacterial testing is a worldwide concern in the food hygiene field (22) . Enterobacteriaceae bacteria also serve as indicators of environmental pollution and can induce bacteremia (20) . Thus, Enterobacteriaceae bacteria in milk have been targeted as a topic of broad concern.
To meet the requirements of U.S. and EU regulations regarding the detection of low levels of live coliform, we wanted to specifically detect and accurately assay live Enterobacteriaceae cells in milk at the lowest possible bacterial concentrations; simultaneously, however, Pd compounds should not allow the PCR amplification of potentially contaminating dead Enterobacteriaceae cells (5 log 10 cells/ml in milk) (22) . We have studied many Pd compounds, including those listed in Fig. 1A . Cl 2 (-cycloocta-1,5,-diene)Pd provided the best LD discrimination for Enterobacteriaceae cells in milk, and the second best LD discrimination was obtained with bis(benzonitrile)dichloropalladium(II). According to U.S./EU regulations, live coliforms (Enterobacteriaceae-like bacteria) should not be present at a concentration of more than 5 to 10 CFU/ml, although the corresponding value in the Japanese Sanitary Act (JP) is 1 CFU/2.22 ml (22, 27) . Thus, a large (12-ml) milk volume was sampled to perform testing that meets the requirements of not only the U.S./EU regulations but also the JP regulations regarding the detection of low levels of live coliforms ( Fig. 2A ). Because the relative detection level of Pd-treated live E. coli cells in milk is 2.5 to 3.2 log 10 CFU/ml, a short period of enrichment for sampled milk is indispensable to minimally meet the requirements of current U.S./EU regulations (Fig. 2C) . Thus, we compared Pd-direct-qPCR with PMA-direct-qPCR (the currently used method for DNA elongation) and with the current plating method (VRBA; the reference method) using 80 12-ml samples of commercially pasteurized (anonymized) milk and milk artificially contaminated with live or dead E. coli following 2.5 h of preenrichment (Fig. 3) .
A strong correlation was observed between the results from Pd-direct-qPCR and the plating method (VRBA) with 2.5-h preenrichment of milk samples (Fig. 3) . A complete or nearly complete correlation was observed between the Pd-direct-qPCR and PMA-direct-qPCR results with or without 2.5-h enrichment ( Fig. 3 and Table 4 ). Pd-direct-qPCR is slightly superior to PMAdirect-qPCR with and without 2.5-h enrichment with respect to accuracy, sensitivity, and specificity relative to the reference plating method (Table 3) .
Consequently, Pd-direct-qPCR could be substituted for PMAdirect-qPCR given its less laborious testing procedures, lower cost, possibly higher throughput, analytical parameters, and relative accuracy. Indeed, Pd-direct-qPCR allows a significant shortening of the enrichment time for typical plating (VRBA), but if lower LOD and LOQ for Pd-direct-qPCR than those reported in this study can be achieved, the short period of enrichment (2.5 h) used in this study will not be necessary, enabling Pd-direct-qPCR to ultimately be substituted for the plating (VRBA) method. The estimated total testing time to satisfy the U.S./EU regulations is less than 5 h (approximately 4.5 h), comprising a 2.5-h enrichment step, 1.25 h for a series of Pd-compound treatment procedures, and 0.75 h for direct-qPCR. This time requirement is shorter by approximately 13.5 to 19.5 h than the time required for the reference plating method.
Next, we elucidated the reaction mechanism for Pd compounds. First, as shown in Fig. 1B , Pd compounds could be chelated with purified bacterial chromosomal DNA despite the fact that bacterial cell wall transmembrane proteins (CW_TMP) and DNA-binding proteins (DBP) do not exist in vitro. This indicates that Pd compounds could be chelated with DNA, similarly to Pt compounds (8) . However, in general, effective concentrations of Pd compounds for clear LD discrimination are lower than those of Pt compounds (8) . These decreased concentrations of Pd compounds for LD discrimination imply that Pd compounds could also possess another reaction mechanism in addition to that of Pt compounds.
Metallothioneins contain cysteine at a rate of approximately 33% and exist in both mammalian and bacterial cells. These proteins help to mitigate exposure to heavy metals through chelation (28, 29) . Additionally, palladium reportedly interacts with proteins, enzymes, and peptides through terminal amine groups, carboxylate groups, histidine imidazole groups, methionine and cysteine thiol groups, arginine, and lysine (13, 14, 30, (31) (32) (33) (34) (35) (36) . Furthermore, the Pd metal that chelated with the 2Cl groups in the original agent (complex form) is reported to be negatively charged.
Therefore, although we have already confirmed that Pd compounds can be chelated with DNA, we hypothesized two additional possible Pd compound-specific reaction schemes.
One potential scheme is based on adsorption or chelation to positively charged basic DBP (rich in arginine and lysine residues and containing histidine residues) in dead cells. Another potential scheme is based on the chelation of Pd compounds to CW_TMP, similarly to the results seen with the fixation agent Mildform 10MN (main component, HCHO), as indicated in Tables 5 and 6 .
Negatively charged chromosomal DNA is strongly bound by positively charged basic DBP under neutral pH conditions via an electrostatic effect. Therefore, as additional information, the strong binding between DNA and basic proteins (DBP) is not easily destroyed through the physical decomposition of dead cells performed using glass beads (Tables 5 and 6 ). Figure 4 also implies that the light-brown Pd compound Cl 2 (ŋ-cycloocta-1,5-diene)Pd, but not the yellow Pt compound, could react with CW_TMP of heat-killed E. coli, like the fixation agent Mildform 10NM. The main component of the fixation agent, formaldehyde (HCHO), cross-links to amino or imino groups of proteins as well as nucleic acids (bases); consequently, the generation of various fixed DNA-protein complexes is mediated by formaldehyde (37) . Similarly, considering Fig. 4 and previous reports (17, 18, 30, (31) (32) (33) (34) (35) (36) , it is conceivable that the components to which the Pd compound molecules (negatively charged in neutral pH) could be chelated and/or adsorbed are CW_TMP, positively charged DBP in neutral pH, and DNA bases in E. coli cells. In contrast, as shown in Fig. 1B , Pd compounds could also be chelated with DNA bases (covalent bonding) in vitro. The potential complexes comprising CW_TMP (mainly conjugated with E. coli cell walls)-Pd-CW_TMP, CW_TMP-Pd-DNA, DBP-Pd-DBP, and DBP-Pd-DNA, which form when E. coli is boiled in SW, are listed, regardless of chelation and/or adsorption (in particular, to positively charged DBP for adsorption) ( Table 5 ). In terms of the complexes containing DNA, if CW_TMP-Pd-DNA or DBP-Pd-DNA were produced by mediating the adsorption of Pd metal via electrostatic effects, CW_TMP and DBP should be detached from Pd metal during successive exposures to SDS plus P/C/I or P/C/I alone during the DNA extraction procedure (E. coli boiled in SW; Table 5 ). Above all, the majority of hydrophilic Pd-DNA (DNA that chelates Pd compounds) is most likely to be recovered in the water layer for its 2 aforementioned DNA extractions (E. coli boiled in SW; Table 5 ). However, in terms of SDS plus P/C/I or P/C/I alone following exposure to the Pd compound, the recovery rates are lower by more than 1 logarithmic order than those seen with no exposure to the Pd compound (Table 5 ). Therefore, we discarded the potential reaction mechanism involving the absorption of Pd compounds on CW_TMP and DBP. In contrast, if CW_TMP-Pd-DNA or DBP-Pd-DNA were formed via the chelation of Pd metals with CW_TMP or DBP (covalent bonding), CW_TMP-Pd-DNA or DBP-Pd-DNA complexes could be recovered in the medium layer during exposure to SDS plus P/C/I or P/C/I alone in the DNA extraction process, owing to the transfer of denatured CW_TMP and DBP to the medium layer. This might trigger the poor recovery of DNA conjugated with Pd compounds (CW_TMP-Pd-DNA or DBP-Pd-DNA) in the upper water layer. In fact, data presented in Table 5 (E. coli boiled in SW) support this hypothesis in view of DNA recovery. Furthermore, as for E. coli boiled in distilled water (DW) ( Table 5) , DNA extraction with SAV/PPR/SDS plus P/C/I following exposure to the Pd compound led to the same recovery rates as those seen with NT (no Pd compound exposure), as presented in Table 5 . A large portion of the proteins in CW_TMP-Pd-DNA or DBP-Pd-DNA could be digested via protease and peptidase hydrolysis; consequently, protein-free Pd-DNA molecules could be recovered at a high recovery rate in the water layer during successive P/C/I processes (Table 5) . Additionally, if a number of CW_TMP-Pd-CW_TMP or DBPPd-DBP were produced, many Pd compound molecules might not be effectively chelated with DNA bases in dead E. coli cells. This incomplete chelation is thought to trigger incomplete suppression with qPCR for dead E. coli cells that have been exposed to the Pd compound.
From the viewpoint of qPCR inhibition by the Pd compound for E. coli boiled in DW (Table 5 ), the C T values (29.3 Ϯ 0.37) for the DNA extraction of SAV/PPR/SDS plus P/C/I were lower by approximately 9 to 14 cycles than those for DNA extractions involving P/C/I alone and SDS plus P/C/I. In other words, the DNA recovered in the upper water layer for SDS plus P/C/I or P/C/I alone could have been primarily comprised of Pd-DNA alone without any CW_TMP and DBP, thus indicating that the Pd compound molecules were more effectively chelated with DNA bases in E. coli cells than with CW_TMP-Pd-DNA and DBP-Pd-DNA. However, DNA transferred into the upper water layer following extraction involving SAV/PPR/SDS plus P/C/I DNA mainly consisted of DNA (specifically, Pd-DNA) that was cut from the aforementioned CW_TMP-Pd-DNA or DBP-Pd-DNA. Therefore, in terms of Pd-DNA derived from CW_TMP-Pd-DNA or DBP-Pd-DNA, it is conceivable that many Pd compound molecules were originally chelated with CW_TMP and DBP proteins as well; consequently, the rate of chelation of the Pd compound by its targeted gene in the DNA from E. coli cells might significantly decrease.
As E. coli boiled in 1% Brij58 largely lacks CW_TMP, the rate of Pd compound penetration into dead cells is thought to be obviously higher than that into E. coli cells boiled in SW because of circumvention of the disturbance by CW_TMP. Thus, PCR elongation for DNA extraction performed with SDS plus P/C/I and P/C/I alone could be completely suppressed, and the C T values (39.5 Ϯ 0.35) for SAV/PPR/SDS plus P/C/I could be 10 C T units higher than the C T values for SAV/PPR/SDS plus P/C/I for E. coli boiled in DW (Table 5 ). In contrast, regardless of the boiling method (in other words, with or without CW_TMP), the C T values (including no amplification) for E. coli cells that were exposed to the Pt compound tetrakis(triphenylphosphine) platinum are almost the same in the three DNA extraction procedures. This experimental fact indicates that the presence or absence of CW_TMP might have little influence on the Pt compound (Table 5 ). Figure 4 also indicates the significant difference between the Pd and Pt compounds concerning the reaction mechanism involving the walls of dead E. coli cells. This differentiation implies that CW_TMP could have a greater influence on the Pd compound than on the Pt compound.
Regarding CW_TMP and DBP, it is still unknown which proteins would have a greater influence on the Pd compound. To elucidate the detailed reaction mechanism of the Pd compound, dead E. coli cells boiled in DW (with CW_TMP) that were exposed to the fixation agent (HCHO, the main component in Mildform 10NM) or the Pd compound, including unexposed cells, were decomposed with glass beads followed by separation into the pellet or supernatant by successive centrifugations ( Table 6 ). The CW_TMP-HCHO-DNA complex should be largely transferred to the pellet by the just-mentioned centrifugation step because CW_TMP can be physically inserted in solid form into E. coli cell walls. In contrast, the DBP-HCHO-DNA complex should be mainly recovered in the supernatant given that its main components comprise positively charged DBP and hydrophilic DNA, which are lacking cell walls of solid form. HCHO-DNA stemming from CW_TMP-HCHO-DNA is not recovered in the upper water layer by P/C/I DNA extraction until SAV/PPR/SDS treatment is complete. For the DBP-HCHO-DNA complex, the highest recovery rate stemmed from the DNA extraction of SAV/PPR/SDS plus P/C/I, and the recovered DNA concentration was 10.5 Ϯ 0.62 ng/l, which is lower by 10-fold than the relevant values (105.7 Ϯ 4.41 ng/l) determined for the pellet (CW_TMP-HCHO-DNA) (Table 6 ). Still, considering that the recovered DNA concentration (217.5 Ϯ 8.95 ng/l) determined for SAV/PPR/SDS plus P/C/I following NT (no treatment) of the pellet significantly differed from the value for the supernatant (61.8 Ϯ 4.35 ng/l) by 3.5-fold, the amount of DNA cut from CW_TMP-HCHO-DNA by protease together with peptidase is estimated to have been greater than the amount cut from DBP-HCHO-DNA by at least approximately 3-fold (Table 6) . Similarly, the concentration of DNA (132.3 Ϯ 6.62 ng/l) cut from CW_TMP-Pd-DNA (see the data corresponding to SAV/PPR/SDS plus P/C/I and the pellet following Pd compound treatment in Table 6 ) by both enzymes was higher by approximately 22-fold than the associated value for the supernatant (6.1 Ϯ 0.55 ng/l) (DNA cut from the DBP-Pd-DNA complex by enzymes). Therefore, it is conceivable that the Pd compound could be chelated with more cell wall transmembrane proteins of dead E. coli than DNA-binding proteins. In particular, according to Table 6 data, the concentration of DNA cut in the pellet following exposure to the Pd compound greatly increased from 8.4 Ϯ 0.42 to 132.3 Ϯ 6.62 with the addition of protease and peptidase during DNA extraction. In contrast, regarding supernatants exposed to the Pd compound, the relevant DNA concentration increased slightly from 4.2 Ϯ 0.56 to 6.1 Ϯ 0.55 with the addition of both enzymes during DNA extraction. This result demonstrates that Pd compound molecules could have a greater influence on cell wall transmembrane proteins than DNA-binding proteins.
To summarize the Pd compound reaction mechanism, Pd compounds (soft Lewis acids) could be chelated with DNA bases (soft or medium Lewis bases) when there were only free DNA and Pd compounds in vitro (Fig. 1B) . However, when chromosomal DNA, transmembrane proteins, and DNA-binding proteins were present in vivo, the Pd compound molecules that penetrated dead cells could be primarily chelated by DNA and transmembrane proteins and partially chelated with DNA-binding proteins.
In conclusion, in terms of the practical use of Pd compounds, Pd-direct-qPCR eliminates the associated laborious procedures and darkroom required for typical PMA-qPCR (5, 19) . Pd-directqPCR also lowers costs compared with the recently reported Ptdirect-qPCR method in terms of reagent consumption (8) and potentially increases the throughput of experiments to levels higher than those achieved with PMA-qPCR (5, 19) . In assessing the analytical parameters described in the EN ISO 16140:2003 validation, Pd-direct-qPCR could be superior to the currently used PMA-qPCR method for practical use in pasteurized milk and water samples. Concerning the practical use of Pd compounds in protein-rich pasteurized milk, centrifugation of pasteurized milk followed by the removal of supernatant and resuspension of milk pellets with sterile water is necessary. This process accounts for the greatest possible level of removal of Pd compound inhibitors, as presented in this study. Thus, our novel method represents a potential substitute for the currently used PMA-qPCR method. In summary, our method is very promising as a rapid test for food hygiene (in the milk category) and environmental (in the water category) Enterobacteriaceae tests. If the LOD and LOQ for Pddirect-qPCR are reduced, this technology may ultimately replace the current culture method used worldwide in a matter of years.
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